The fundamental mode cutoff properties of Ge-doped microstructured fibers, filled with a liquid, permit the implementation of wavelength-and amplitude-encoded temperature sensors with an ultra-high sensitivity. The cutoff wavelength changes with temperature, and the thermo-optic coefficient of the liquid determines the sensitivity of the sensor. Sensitivity as high as 25 nm/
Introduction
A number of different approaches have been investigated along the last decades for the measurement of temperature using fiber-optics: Optical-scattering, fluorescence, interferometry, optical absorption, and so forth [1, 2] . In-fiber Bragg gratings (FBGs) have been extensively investigated because they present several potential advantages: the robustness of wavelength codification, easy multiplexing, small size, and low cost [3] . The typical temperature sensitivity of FBG is 13 pm/
• C at 1550 nm, and it can be increased significantly by coating the FBG with other materials. A sensitivity of 108 pm/
• C has been reported by coating the FBG with a polymer [4] . Using long period gratings (LPGs) larger sensitivities can be obtained (310 pm/
• C was reported in [5] ).
Other wavelength-encoded temperature sensors, that exhibit larger sensitivities than standard FBG, have been reported. The resonant coupling between the core-mode and the cladding modes in a special fiber with a multicladding structure has been used to make a temperature sensor, reporting a sensitivity of 240 pm/
• C [6] . The temperature dependence of coupling coefficients in an optical fiber coupler with a special coating permitted to achieve 170 pm/
• C sensitivity [7] . Finally, higher sensitivities, as high as 3.2 nm/
• C, have been reported using short multimode fiber interferometers [8, 9] .
Microstructured optical fibers open new opportunities to develop fiber sensors. Theoretical analysis of photonic crystal fiber sensors based on FBG and LPG predicts temperature sensitivities up to 60 pm/
• C [10] . Specially designed FabryPerot cavities formed with photonic crystal fibers have demonstrated sensitivities as high as 170 pm/
• C [11] . Here we develop some details on the exploitation of a new concept, recently presented, of wavelength-encoded temperature sensor based on the temperature dependence of the cutoff wavelength of the fundamental mode in a liquid-filled Ge-doped microstructured fiber [12] . Photonic crystal fibers with a Ge-doped core have some appealing properties: (i) low-loss splicing to standard fibers, (ii) easy photoinscription of fiber gratings using conventional techniques, and (iii) good guidance when the holes are collapsed to build in-fiber gas o liquid cells. In addition, cutoff of the fundamental mode is produced when the holes are filled with liquids, as if it were a conventional depressedindex fiber [13] . Modifications of the characteristics of the liquids lead to changes of the guidance properties of the fiber, in particular, the cutoff wavelength shifts.
In our experiments, a sensitivity as high as 25 nm/ • C is achieved, which is about three orders of magnitude higher than the sensitivity of standard FBG, two orders of magnitude higher than the sensitivity of the best fiber gratings, and about one order of magnitude higher the values reported for multimode fiber interferometers. In addition to the wavelength-encoded configuration of the temperature sensor, we report here the amplitude interrogation of these devices. In this case, very simple experimental arrangements are required, preserving a high resolution.
Principle
The fiber that was used in our experiments is a Y-shaped Gedoped microstructured fiber. This fiber has three big holes, which makes straightforward the procedure to fill the fiber with a liquid. In addition, the Y-shaped fiber can be designed to have rather small core, hence, a strong interaction with the liquids filling the fiber due to the presence of intense evanescent fields in the holes. The fiber was fabricated in our laboratory with a Ge-doped core using the conventional stack and draw technique [12] . Figure 1 shows the scanning electron microscope (SEM) images of the two fibers reported here, with a detail of the core region. In the case of fiber 1, two circles have been drawn on the image. The small circle is adjusted to have the same area that the triangular shaped Ge-doped region at the centre of the fiber, while the second circle is tangent to the three holes and defines what we call the first effective cladding of the fiber. The doped core had a Ge concentration to raise a step-index profile with a numerical aperture (NA) of 0.29. The first cladding surrounding the core was pure silica. basic parameters of the two fibers used in our experiments: the diameter of the circle that corresponds to the Ge-doped core (d), the diameter of the first effective cladding (D), the outer diameter of the fiber (OD), the holes' area (A H ), and the silica bridges thickness (d B ). The two fibers were singlemode when filled with liquids with a refractive index around 1.44. The liquids that we used for these experiments were provided by Cargille (series A) and have a nominal refractive index (RI) value of 1.46, 1.47, and 1.48, measured at 589 nm and 25
• C. The temperature coefficient of these liquids, provided by the manufacturer, is about −4×10 −4 • C −1 . Thus, when one fiber is filled with one of these liquids, the cutoff of the fundamental mode takes place at a given wavelength, as a function of the refractive index value. Figure 2 were prepared with fiber 2 (see Table 1 ) and filled with a liquid of RI = 1.475 (a mixture of two liquids: 50% of 1.47 and 50% of 1.48), while the devices of 18 and 35 cm length were filled with RI = 1.47, and they were prepared with fiber 2 and fiber 1, respectively. After filling the holes, both ends of the fiber were spliced to standard singlemode fiber. We can see that the losses increase dramatically beyond the cutoff wavelength, even in the case of the short sensor. Though most of the results that we will present here have been obtained with devices that were about 20 cm long, this figure demonstrates that sensor heads ten times shorter can be used if it is required. At present, the optimization of the short sensor heads has not been concluded yet. The operation principle of the temperature sensor was discussed in a previous publication [12] . The cutoff is produced when the dispersion curve of the fundamental mode intersects the dispersion curve of the liquid, that has a refractive index between the refractive index of silica and the refractive index of the Ge-doped silica. When the temperature changes, the thermo-optic coefficient of the liquid dominates the properties of the device, since silica has a coefficient 40 times smaller. A small change of the refractive index of the liquid shifts the point of intersection and produces a large change of the cutoff wavelength. The calculations of the cutoff wavelength as a function of temperature, using the step-index model, predict a linear response within the temperature range of our experiments, [−10, 60] • C.
Experimental Results and Discussion
In order to illustrate the basic characteristics of these devices as temperature sensors, Figure 3(a) shows the transmission spectra of a sensor head that was prepared by filling 18 cm of fiber 2 (see Table 1 ) with liquid of RI 1.47. In this experiment the temperature was adjusted from 15
• C to 
35
• C and the cutoff wavelength shifted from 1.2 µm to 1.65 µm. This sensor head is the shortest that we have fully calibrated. Figure 3(b) gives the result of the calibration of the temperature response of this sensor head, taking the cutoff wavelength at the point the transmission drops 10 dB. The sensitivity is ∼25 nm/
• C, the same that was reported in [12] for longer devices.
Since the sensitivity is very high, one can preserve a good detection limit while using low resolution OSA. According to the 25 nm/
• C slope, a low-cost OSA with a resolution of 1 nm would permit to achieve a detection limit of 0.04
• C, while the use of an OSA with 20 pm resolution would push the detection limit down to 0.001
• C. The use of liquids with higher thermo-optic coefficients could increase the sensitivity. Transparent polymers are, as well, good candidates to implement compact and stable sensor heads with even higher sensitivity. 
Amplitude Interrogation
One of the valuable characteristics of the previously reported temperature sensors is the wavelength codification of the sensor information. However, in some cases, one might be interested in using the simplest as possible interrogation technique. In such a case, our sensor heads permit the implementation of simple amplitude interrogation techniques. Figure 4 is a schematic diagram of the sensor arrangement that we have implemented to study the amplitude response of the sensors. A broadband source, either a light emitting diode (LED) or a halogen lamp (HL), was used to illuminate the sensor heads, and a photodiode was used to measure the transmitted power. Figure 4 includes the optical spectrum of the LED and the spectral response of the photodiode. The amplitude response of the sensor is determined by the combination of the transmission characteristics of the sensor head as a function of temperature, the spectrum of the broadband light source, and the spectral response of the photodiode. Figure 5 gives two examples: (a) using a LED and (b) using an HL. In both cases, the sensor head was implemented using a section of fiber 2 and filling 31 cm with a liquid of RI = 1.47. The smaller bandwidth of the LED makes the response to exhibit saturation, with a maximum slope of 0.127
• C −1 , while in the case of the HL the response is approximately linear (∼0.022
• C −1 ). If we assume that the minimum relative amplitude change that we can detect is one thousandth, then the detection limit will be lower than 0.05
• C. Figure 6 is a simulation of the response that should be obtained using the sensor reported in Figure 3 and measuring the transmission of a laser centred at 1510.25 nm. The slope at 28.5
• C is 0.353 • C −1 . Thus, if we assume that the transmittance can be measured with a resolution of one thousandth, then the detection limit would be 0.003
• C. The characteristics of this sensor configuration could be used for temperature stabilization. Changing the wavelength of the laser, one could select the temperature of stabilization of the system.
Conclusion
Photonic crystal fibers open new opportunities by exploiting the unique properties that these fibers exhibit. Here we have exploited new possibilities based on the cutoff properties of the fundamental mode of Ge-doped photonic crystal fibers. Our experiments have been carried out using different Gedoped Y-shaped microstructured fibers, and sensor heads of different lengths and filled with different liquids have been implemented. The sensitivity is mainly determined by the thermo-optic coefficient of the liquids that fill the fibers. A sensitivity of 25 nm/
• C is reported, and a detection limit of about 0.001
• C is estimated, when using the wavelengthencoded configuration. The sensor heads permit simple amplitude interrogation techniques to be implemented with high sensitivities and low detection limits.
